Lignocellulosic biofuels have a tremendous potential to reduce problems caused by our dependence on fossil fuels. The current roadblock with biofuels is the lack of economical conversion technologies. Heterogeneous catalysis offers immense potential in helping to make lignocellulosic biofuels a commercial reality. In this article we discuss the central role of heterogeneous catalysis in biomass conversion. We review the science of catalysis and the different routes to make biofuels. During the last several decades multiple new spectroscopic, theoretical, and synthesis tools are available that allow us to study catalysis at a molecular level. These new tools will allow us to rapidly develop new catalytic processes for the production of cost-efficient lignocellulosic biofuels.
Introduction
Concerns with increasing prices of petroleum oil, combined with environmental and national security problems are causing our society to search for new, renewable sources of liquid transportation fuels. In this respect, biomass is the only sustainable source of carbon that can be used to make renewable fuels and chemicals.
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Biomass feedstocks can be classified into three general groups: lignocellulosics or woody biomass (the non-edible portion of biomass, e.g., bagasse, corn stover, grasses, wood, etc.), amorphous sugars (e.g., starch, glucose, etc.), and triglycerides (e.g., vegetable oil). The cheapest, most abundant, and fastest growing form of terrestrial biomass is lignocellulosic biomass, which is composed of three primary building blocks: cellulose, hemicellulose and lignin.
1 While lignocellulosic biomass is a desirable feedstock, it is not yet economically viable to convert it into liquid transportation fuels. It has been stated that ''the central and surmountable impediment to more widespread application of biocommodity engineering (or biorefining) is the general absence of low-cost processing technology. '' 4 There are a number of engineering and scientific challenges that must be overcome for lignocellulosic biofuels to be economically competitive with fossil-based fuels. In this respect the field of heterogeneous catalysis offers tremendous potential in breaking the engineering and scientific barriers to make economical feasible routes to lignocellulosic biofuels. 5 Heterogeneous catalysts are the most encountered form of catalysts used in the petroleum and chemical industries. The purpose of this review is to discuss the critical role of heterogeneous catalysis in the conversion of lignocellulosic biomass into liquid fuels and chemicals.
The overall challenge with biomass conversion is how to efficiently remove oxygen from the biomass feedstocks and produce a molecule that has a high energy density and good combustion properties as shown in Fig. 1 . In the conversion processes, oxygen is removed as a combination of CO 2 and H 2 O. The first step in this process is the deconstruction of the solid lignocellulosics into smaller hydrophilic products. During the second conversion step more oxygen is removed from the hydrophilic materials and the biomass is converted into the fuel product, CO 2 and H 2 O. Biomass conversion hence involves chemistries occurring in multiple phases. The optimal fuel product is most likely to be one that fits into existing infrastructure and has similar properties to gasoline, diesel, and jet fuel. The ideal conversion process also produces the highest yield of biofuels as inexpensively as possible.
There are currently several routes being studied to synthesize biofuels as shown in Fig. 2 . Three general routes are employed for lignocellulosic biomass deconstruction, including: (1) gasification to syngas (CO and H 2 ) at high temperatures, (2) deconstruction by selective thermal processing at intermediate temperatures (typically by fast pyrolysis or liquefaction), and (3) deconstruction into monomer products at low temperatures. Once the biomass is deconstructed then many different conversion schemes can be used. It is a difficult task to analyze which is the best scheme for a particular type of biomass.
The routes that use chemical (primarily heterogeneous) catalysts are shown in black; biological conversion are shown in green; while the combination of chemical and biological are shown in blue in Fig. 2 . As observed most of the routes to produce biofuels use heterogeneous catalysts. [6] [7] [8] This is similar to today's scenario of the petroleum refinery where approximately 90% of petroleum and chemical processes use heterogeneous catalysts. 9, 10 It is highly likely that the future biorefinery, a processing plant for converting waste and virgin biomass feedstocks to energy, fuel, and other products, 11 will use heterogeneous catalysis.
In this review we discuss the cross-cutting areas of heterogeneous catalysis and its potential in the biorefinery. We will first introduce the science of catalysis. Few fields are as multi-disciplinary as heterogeneous catalysis which includes: chemical engineering, theoretical chemistry, synthetic chemistry, physical chemistry, surface science, and solid state physics. We will then review some current approaches of heterogeneous catalysis in biomass conversion. In the past 10-20 years many new tools have been developed which can now be applied to the development of new generations of catalysts. We conclude by discussing some of these new tools and how they can have an impact on developing economical processes for the conversion of our renewable lignocellulosic biomass resources to fuels and chemicals.
Basics of catalysis
The basic definition of a catalyst, proposed by Ostwald in 1894, is a substance that accelerates the rate of chemical reaction without itself being consumed.
12,13 It does not vary the thermodynamic equilibrium of reaction. Another definition is that a catalyst is a substrate which transforms reactants into products, through an uninterrupted and repeated cycle of elementary steps in which the catalyst participates while being regenerated to its original form at the end of each cycle during its lifetime.
14,15 A catalyst influences not only the reaction rate, but also the distribution of products.
8 Detailed description about the concept of catalysis can be found elsewhere.
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Traditionally, catalytic systems are categorized as homogeneous, heterogeneous, and enzymatic, reflecting the ascending hierarchy of complexity. 13 This classification may have to be revised as multiple research groups are blurring the borders between homogeneous, heterogeneous, and enzymatic catalyses. 19 Homogeneous catalyses are those where the catalyst is in the same phase (either liquid or gas) as the reactants and products. Heterogeneous catalysts are those where the catalyst is in a separate phase than the reactants. A heterogeneous catalyst is typically a solid material and the catalytic reaction generally occurs on a solid surface. Enzymatic catalysts are a subset of homogeneous catalysis where the catalysis occurs by biological units.
The primary advantage of heterogeneous catalysts is that they are in a solid phase and they can easily be separated and recycled from the gas and/or liquid reactants and products. 8, 15 Thus, the catalyst can be prepared and lasts several years before it needs to be replaced. In comparision, it is difficult to separate and recycle homogeneous catalysts. Another merit of heterogeneous catalysts is their stability to severe reaction environments; some can withstand temperature as high as 1600 K and pressure up to 350 atm. 16 In comparison biological catalysts can only be used at low temperature environment (less than 330 K). In general, the higher the reaction temperature the faster the reaction and the smaller the reactor size. Furthermore, heterogeneous catalysts are non-corrosive in standard reactor units; unlike most of View Online homogeneous catalysts, e.g., sulfuric acid, needs to be handled in corrosion-proof facilities. 
Morphology of a heterogeneous catalyst
A heterogeneous catalyst is typically a porous material with high surface area. The reactions take place on the surface of the catalyst and it is typically desirable to maximize the surface area of the catalyst. When a catalyst involves a precious metal component (e.g., Pt, Rh etc.), it is dispersed on a high surface area material (called support) so that the reactant-exposed metal atoms can be maximized. 
Principles of heterogeneous catalysis
One of the key challenges with heterogeneous catalysis is to try and identify the active catalytic surface. Various surface sites exist on the catalytic surface, such as edges, kinks, terraces, and vacancies, which all have different reactivities. 10 The heterogeneity becomes further complicated when anchoring other species around the active sites. Moreover, inherent impurities of the catalyst and time-on-stream reaction processing can alter the surface. 15 All of them provide different catalytic environments. These observation form the basis that a catalytic reaction takes place merely on specific locations of the catalytic surface, termed active sites or active centers. 20 Characterization techniques originated from this concept, such as selective chemisorption of gases (e.g., CO, H 2 , C 2 H 4 etc.), which are still broadly used today. 15, 17 Turnover frequency (TOF), the most important way to evaluate catalytic activity, is defined as the number of molecules that react per active site per unit time (in units of reciprocal time). 17, 21 TOFs also provide a simple way to compare different catalysts.
Another concept proposed by Boudart divides heterogeneous catalysis into ''structure-sensitive'' and ''structure-insensitive'' reactions. 22 Structure-sensitive reactions are those whose rates change as the particles or morphologies of active sites vary. Conversely, the activity of a structure-insensitive reaction is not a function of particle size of the catalyst. 18 
How a heterogeneous catalyst functions?
Heterogeneous catalysis involves seven different steps as shown in Fig. 4 . The first step involves diffusion of the reactants from a bulk fluid to the catalyst particle.
Step 2 is the diffusion of the reactant through the catalyst intraparticle pores. Steps 3, 4 and 5 are the adsorption of the reactant onto the catalytic surface, the reaction of the reactant on the catalytic surface and the desorption of the products. The products must then diffuse through the catalyst intraparticle pores (Step 6) followed by diffusion into the bulk fluid (Step 7). Any of these steps can be the limiting depending on the catalyst design, the reactor setup, and the reaction condition.
10,23
A successful catalyst is generally underpinned by three factors: activity, selectivity, and stability. Activity refers to the rate of the reaction.
17 Selectivity is defined as the percentage of the spent reactant that forms the desired product. 17 Stability is determined by how quickly the catalytic activity declines, and determines how often the catalyst has to be replaced.
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The porosity, or pore shape of the catalyst, can also have a great effect on catalytic properties.
24 Two chemically identical catalysts having different porosities can have significant differences in reactivity. 25 Some of the precise architectures can distinguish reactants and products through its space restriction, functioning as ''shape-selective'' catalysis. Zeolites are one of the most common shape-selective catalysts, and are one of the success stories in the petrochemical industry.
5 They are crystalline aluminosilicate (with trace metal ions) molecular sieves with open porous structures and ion exchange capabilities. 26 Zeolites can be employed in petroleum refining, selective adsorbing, drying, separation and purification of gases and liquids, as well as ion exchange and water treatment.
10 Today, including the aluminophosphate (ALPO) molecular sieves, 167 types of 
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As mentioned previously, an ideal catalyst functions cyclically in the process. In real terms, however, its activity or selectivity decays over a period of time -known as deactivation. Causes of deactivation include: poisoning, fouling, degrading, sintering, active phase leaching, attrition, and crushing. 10 Sometimes the catalysts can be rapidly regenerated. For example, when conducting cracking of hydrocarbons, carbonaceous deposits (coke) rapidly deactivates the catalyst.
32 Nevertheless, the catalyst can be regenerated by oxidation of the coke.
10, 33 The design of durable and stable catalysts still remains a great challenge, especially when converting heavy or complex reactants, such as coal, shale oil, and biomass.
Catalytic processing in biomass conversion
Although catalysis has established momentous achievements in the petrochemical industry, its development in biorefinery applications is nascent. Fig. 5 shows a bibliometric analysis done on catalysis papers that are related to biomass conversion. 34 As can be observed, only 1 out of every 400 catalysis papers is related to biomass conversion from 1996-2005. In 2004 only 30 papers were published on catalysis and biomass conversion. However, as can be seen from Fig. 5 , this field is growing exponentially. The reason why catalysis has not been used for biomass conversion probably has to do with the price difference between crude oils and biomass. As the cost of biomass decreases relative to crude oils it is highly likely that this field will grow continuously.
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The processing of biomass feedstocks occurs at different reaction conditions (i.e. temperature and pressure) than processing of petroleum feedstocks. Fig. 6 illustrates the processing conditions for these two types of reactants. Petroleum-derived substrates are mainly treated at temperatures higher than 673 K in vapor phase. In contrast, biomass-based compounds have a significantly lower thermal stability than petroleum-derived feedstocks which leads to the need to process them in the liquid phase (or very carefully in the gas phase). Accordingly, liquid phase catalytic processing at moderate temperature has been shown to be advantageous in processing of biomass. 36 Reactions such as hydrolysis, dehydration, isomerization, oxidation, aldol condensation, and hydrogenation are frequently conducted under this environment. 2 The aqueous phase can also be used to design new types of catalysts that are not suitable for gas phase conversion.
As discussed above lignocellulosic biomass conversion involves many different routes. 1 In the following sections we will discuss the role of catalysis in some of these routes.
Syngas conversion
Syngas, also called synthesis gas, is a mixture of carbon monoxide and hydrogen which can be produced through the gasification of biomass.
11 This is the most technically developed area of biofuels and has already been commercialized. Companies such as Choren, 37 Coskata, 38 and Range Fuels 39 etc., adopted this technique as their front-end process of biomassderived alcohols and alkanes preparations.
Biomass gasification can be done by co-feeding the biomass with fossil fuels (e.g., coal or natural gas).
1 Syngas can be converted to electric power, hydrogen, steam, and numerous fuels or chemicals. 40 There are two well known processes for syngas conversion: methanol synthesis 41 and Fischer-Tropsch synthesis (FTS).
42 Fig. 7 shows Sasol Oryx FTS plant in Qatar. Its capacity to produce gasoline and diesel fuels is ca. 34 000 barrels per day. Four main processing units are needed for biomass conversion via syngas routes: a biomass gasifier, a gas clean-up unit, a watergas shift (WGS) reactor in certain cases, and finally a syngas converter. 7 The gasification unit converts the biomass at high temperature (600-900 C) with oxidants (e.g., oxygen or steam). Syngas is the major product from the gasifier, accompanied by impurities such as tars, ammonia, hydrogen sulfide, and particulates. 43 These impurities can have an adverse effect on downstream processing, hence, they must be removed by different chemical and physical treatments.
7 Although clean-up has been intensively studied, additional research is needed. 7, 43 An example to deal with this difficulty is through catalyst design. By replacing commercially available Ni-based catalysts to perovskite-structural La-Ni-Fe catalysts can dramatically decrease tars with enhanced stability. This has been successfully applied on conditioning the outlet gas of a gasifier with almond shells, a lignocellulosic material, as the feed.
44 A water-gas shift reactor is used before the syngas conversion step, to increase H 2 /CO ratio to the required stoichiometry for production of alcohols or alkanes.
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The last step, syngas conversion, is through CO hydrogenation. Depending on the catalysts and reaction conditions, numerous chemicals can be fabricated, including synthetic natural gas, alcohols, gasoline, diesel fuel, jet fuel, and heating fuel.
7
One of the key opportunities for future cost reduction is process intensification, which focuses on combining process steps to decrease capital costs. One example of this is being developed by Lanny Schmidt, who showed that rhodium-cerium catalysts introduced into the gasifier can significantly reduce the amount of tars in the outlet stream. 46 This design offers promise in syngas process intensification.
Selective thermal processing
Selective thermal processing of biomass is the thermal decomposition of biomass into liquid products usually called bio-oils. Bio-oils are currently the cheapest form of liquid fuels that can be made from lignocellulosic biomass. In the 1970s, researchers found the reaction conditions that maximize liquid bio-oil yields. 47 There are two major routes to produce bio-oils -fast pyrolysis and liquefaction.
Bio-oils are dark brown with a smoky odor and composed of polar organics (ca. 75-80 wt%) and water (ca. 20-25 wt%). 48 The organic phase consists of water soluble and insoluble moieties. The water soluble phase has a high oxygen content, originating from cellulose and hemicellulose fractions of biomass. The water insoluble phase derives from the lignin fraction of biomass, and has lower oxygen content and high viscosity.
7 Crude bio-oils have multiple shortcomings, such as low heating value (16-19 MJ Kg
À1
; less than half that of petroleum-derived fuels), strong corrosiveness (pH of 2-3), high viscosity (35-1000 cP at 40 C), and poor chemical stability (viscosity and phase change with time).
48 Despite these deficiencies, bio-oils can be transformed into transportation fuels, chemicals or even hydrogen by downstream upgrading. 49 Several routes are available for bio-oils upgrading, including hydrotreating, zeolite upgrading, bio-oil mixtures, and steam reforming.
1 For instance, both promoted non-precious (Ni) and noble metal (Pd, Pt, and Rh) catalysts are active in steam reforming of bio-oils to hydrogen. 50 In hydrotreating of bio-oils, catalysts were first used that were used in hydrotreating of crude oil such as sulfided Ni/Mo catalysts. These catalysts showed that hydrotreating of bio-oils was possible, nevertheless, there were problems with poor yields. Now new generation catalysts are being used for hydrotreating of bio-oils that are specifically designed for conversion of biomass-derived feedstocks.
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Fast pyrolysis is the thermal depolymerization process in which biomass is rapidly heated in the absence of oxygen with short residence time at atmospheric pressure. Depending on the reaction condition, reactor design, and biomass feedstocks, the distribution of products varies in the gas, liquid, and solid phases. 48 The keys to maximize yields of bio-oils are: rapid heating, high heat transfer rate, short residence time, moderate reaction temperature (ca. 500 C), and rapid cooling of pyrolysis vapors.
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An advantage of fast pyrolysis is that it is economical for use on a small scale (i.e. 50-100 tons-biomass per day). Fig. 8 shows a portable fast pyrolysis reactor for liquid fuels production. This portable unit can easily access the biomass source, which significantly reduces costs in transportation of feedstocks.
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Liquefaction is carried out in a solvent, mostly water, 53 under relatively lower temperature (300-400 C) and higher pressure (120-200 atm) than fast pyrolysis. Catalysts are usually employed in the process. 47, 54 One of the attractive merits for liquefaction is directly processing of wet biomass without pre-drying. 7 Moreover, the bio-oils produced through liquefaction have lower oxygen content than fast pyrolysis: decarboxylation prevails. This yields more favorable C/H ratio, water-insoluble bio-oils than those generated via fast pyrolysis. Nevertheless, the high pressure of reaction condition increases the capital costs of bio-oils derived from liquefaction. 55 An up-to-date review about biomass conversion through liquefaction has been published by Tester and collaborators. 56 The detailed summary of used heterogeneous catalysts and reaction platforms has been reported therein. One promising option for selective thermal processing of biomass is to incorporate heterogeneous catalysis into the fast pyrolysis process, thus producing targeted fuels and chemicals.
31,57 Fig. 9 illustrates this conceptual scheme. Previous research in this area was not very successful because primarily large amounts of coke was produced. Recent research in the Huber group has shown that catalytic fast pyrolysis can be used to produce targeted aromatics in high yields with zeolite-based catalysts. 31 These high yields were achieved due to proper reaction conditions (heating rates, temperatures, catalyst to feed ratios), and proper catalyst selection. This promising route appears to transform the area of selective thermal processing from making low value bio-oils to being able to selectively produce higher value targeted fuels.
Another approach in selective thermal processing called ''biomass catalytic cracking'' is being developed by KiOR, a private venture. 58 The core of this approach is to use catalytic chemistry to open up the woody structure of biomass at lower temperatures than traditional thermal conversion. This approach can improve the yield of the bio-oils and also can reduce the cost of bio-oils preparation.
7,58 KiOR's target is to make a bio-crude which can be upgraded in a standard petroleum refinery.
Liquid phase catalytic processing
Compared to petroleum feedstocks, biomass feedstocks have lower thermal stability. In other words, it is difficult to process them in the gas phase. This motivated Dumesic and collaborators to create liquid phase processing approaches to convert biomass-derived feedstocks to a range of fuels and chemicals.
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The first step in this process is conversion of the solid biomass into smaller oxygenates which can react with the catalysts. One advantage of this approach is that generated products possess low water solubility and can easily be separated from the aqueous feedstocks.
3 There are also energy advantages in working with liquid phase because of elimination of heat of vaporization. A wide variety of products can be formed including liquid alkanes (diesel fuel replacement), light alkanes (gasoline range alkanes), gaseous alkanes (natural gas) and hydrogen.
2,36
Fig. 10 illustrates how liquid phase catalytic processing can be used to produce targeted diesel and jet fuel range liquid alkanes. This process involves an acid catalyzed dehydration step, a base catalyzed carbon-carbon bond forming step, and a bifunctional catalyzed (with both acids and metals) dehydration/hydrogenation step.
One of the challenges with aqueous-phase processing is that feedstocks need to be purified. Unlike gasification or selective thermal processing, which can be carried out with mixture of biomass-derived feedstocks, only pretreated reactants (e.g., sugars or polyols) can be effectively converted in liquid phase processing. Yet batch mode aqueous-phase reforming system has lately showed its capability in hydrogen production by converting real lignocellulosic biomass using Pt/Al 2 O 3 . 59 Another issue is catalytic stability under liquid phase conditions. Traditional heterogeneous catalysts have been designed for high temperature gas phase reactions. Most of them are not stable in aqueous media, i.e., leaching is a common problem. Alternatively, the low temperature, liquid phase environment allow us to take advantage of chemical phenomena that are unique to the liquid phase. For example, ionic liquids can produce targeted compounds such as 5-hydroxymethylfurfural (HMF), a key intermediate to produce liquid alkanes, from sugars at this platform. 
Integration with the petrochemical refinery
The petroleum refinery can also be used to prepare biofuels. The advantage of this approach is that refineries are already built and this provides a low capital cost route to make biofuels. Several oil companies are evaluating this possibility. Universal Oil Corporation (UOP) has recently reported how biofuels can be prepared in a petroleum refinery. 61 Its joint effort with ENSYN is trying to make hydrotreating of bio-oils to diesel and jet fuel in existing refineries a reality.
62 Neste Oil has also adopted hydrotreating of the mix of vegetable oils and animal fats to synthesize diesel fuels.
63 Total Oil in their ''Biomass-to-Energy'' roadmap is exploring integration of biomass gasification into a refinery.
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The infrastructure for blending biofuels as well as their testing and distribution is already in place at oil refineries.
There are at least three options for using petroleum refineries to convert biomass into fuels and chemicals: (1) utilization of biomass-derived syngas or hydrogen, (2) fluid catalytic cracking (FCC), and (3) hydrotreating-hydrocracking. 65 FCC is the most widely used process for conversion of heavy fraction of crude oils into gasoline or other hydrocarbons in oil refineries.
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Hydrotreating-hydrocracking is employed to remove sulfur (hydrodesulfurization, HDS), nitrogen (hydrodenitrogenation, HDN), metals (hydrodemetallization, HDM), and oxygen (hydrodeoxygenation) by hydrogenation of heavy petroleum feedstocks.
10,65 Both of these approaches can remove oxygen from petroleum-derived resources. In this respect, they are also able to extract oxygen from biomass feedstocks -the major objective for biofuels preparation. Fig. 11 depicts the design of a FCC reactor, which consists of multiple reactor units. In the riser reactor, the vaporized hydrocarbons reactants are mixed with the catalyst and a fluidizing gas which pushes both the catalyst and reactants up the riser reactor tube. The residence time of the catalyst in the riser reactor is less than 2 s.
10 The products and catalysts are then separated in the separator. The spent catalysts, which contain carbon from the reactant, are then regenerated by addition of oxygen to the catalysts which burns the coke off. The regeneration step produces all of the necessary processing heat for the FCC process. Biomass can be injected into a number of different sections of the FCC reactor including mixing pot injector, various parts of the riser reactor, and the stripper. 67 These zones have different reaction temperatures.
Commercial hydrotreating-hydrocracking reactors are mainly fixed beds of either down flow or radial flow designs. 68 The reactions are carried out at 300-600 C with H 2 pressure of 35-170 atm by using sulfided Co/Mo/Al 2 O 3 and Ni/Mo/Al 2 O 3 catalysts. Catalytic promoters, e.g., boron and phosphorus, are frequently added. Non-sulfided catalysts, including Pt/SiO 2 / Al 2 O 3 , 69 vanadium nitride, 70 and Ru, 71 have also been used for hydrodeoxygenation. A detailed review which focuses on the chemistry of catalytic hydrodeoxygenation has been published by Furimsky.
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Elliott and collaborators developed a two-step hydrotreating process for the upgrading of bio-oils using sulfided Co/Mo/Al 2 O 3 and sulfided Ni/Mo/Al 2 O 3 catalysts. 73 Keys in pretreatment of reactants, optimized reaction condition, and hydrogen consumption estimation were reported. Corma and coworkers prepared straight chain alkanes by hydrotreating of sunflower oils in heavy vacuum oil mixtures. 74 Based on the results, they envisioned that such technique can be used on other vegetable oils.
Challenge and opportunity
Today there is a significant need to rapidly develop new technologies that will allow us to convert our biomass-derived resources into fuels and chemicals. In this respect, a large amount of applied research has been done focused primarily on empirical exploration. However, few studies have focused on the fundamentals of biomass refining. These essential studies are critical for advanced improvements in biofuels quality, process optimization, as well as integration with petrochemical infrastructures. Efficient catalysts that are selective, stable and active for conversion of biomass-derived feedstocks must be developed by combining fundamental with applied research.
Chemistry of biomolecules
Understanding the bonding of atomic bonds in the biomolecules can explain their physical and chemical properties. Nevertheless, the number of biomolecules could be enormous in the biorefinery. For example, in the petrorefinery, the number of components involved exceeds 10 4 while the number of plausible reaction pathways can be an order of magnitude greater. 75 Hence, it is impractical to catalogue each species individually. The development of the petroleum industry has provided the lessons to systematically manage a complex system by the socalled lumping analysis. The core of this approach is to partition all the species into several classes (e.g., paraffins, olefins, naphthenes, and aromatics, abbreviated as PONA), and simply treat each class as an unique entity. 76 This can substantially minimize the complexity of mixture system and provide valuable information, such as prediction of gasoline yields. Decades later, this lumping analysis has been renewed as structure-oriented lumping (SOL), 77 by which the structurally similar molecules are grouped according to mathematical formalism on the molecular level. Such methods have provided refiners with a valuable database which archives the properties of reactants, products, and mixtures of them, the optimal operating conditions, and the capability in predicting the refining outcomes. Indeed, to establish an efficient and economic biorefinery will require the development of such a database.
Lignocellulosic biomass is mainly composed of three polymers: cellulose, hemicellulose, and lignin. Cellulose is the only crystalline material in biomass consisting of linear chains (1-4 in the b-configuration) of glucose units. Hemicellulose is a heterogeneous, branched sugar polymer. Its monomers contain almost entirely five-carbon (xylose and arabinose) and six-carbon sugars (galactose, glucose, and mannose). Lignin is a polyaromatic compound, with coumaryl, coniferyl, and sinapyl as the building blocks.
1 Hemicellulose and lignin are amorphous polymers. Synergistic efforts between SOL, novel analytical techniques, and long-term recording of environmental impacts may be the way to clarify the nature of biomass.
The research of biomass chemistry should be undertaken in parallel with thermodynamic studies. Thermodynamics allows engineers to evaluate the feasibility of new processes, reactor designs, and reaction pathways. For instance, the changes of standard Gibbs free energy have been applied to predict the performances of steam reforming of multiple oxygenated hydrocarbons. 36 The knowledge of thermodynamics can investigate the interactions between reactants, products and intermediates with catalytic surface, as well as bi-or tri-phasic behaviors in the reactor. In this respect, thermodynamic analysis of the whole biorefinery system, whether the process is a chemical transformation or a separation step, should be carried out. 
Catalysis science and engineering
The evolution of heterogeneous catalysis in the 21st century must fulfil three characteristics conveyed throughout this reviewactivity, selectivity, and stability. The least understood is manipulation of selectivity. 78 An ultimate goal for catalysis researchers is to achieve 100% selectivity of the desired product, namely, no unwanted by-product is generated. 79 This not only spares the costs of feedstock and waste treatment, but also increases energy efficiency for manufacturing. To meet this thrust, the art of catalyst preparation must advance from catalyst discovery toward catalyst design.
5,28 Catalysis science and engineering which allow molecular control over the size, location, structure of metallic nanoparticles and catalytic promoters must be developed. 79 Such progress will facilitate the buildup of emerging biorefineries. For example, heterogeneous catalysts can selectively manipulate the breakage of C-C, C-O and C-H bonds for the purpose of oxygen removal from biomass-based feedstocks.
Several groups are exploiting simple, rational methods to make metallic nanoparticles that are evenly distributed on metal oxide supports. Somorjai's group employed lithographic techniques to synthesize nanoparticle array and combined nanoparticle/mesoporous metal oxide for high surface area catalysts.
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Nearly uniform size and distribution of Pt nanoparticle array can be grown on SiO 2 as 1-, 2-, or even 3-dimensional structures.
Their recent effort on seedless polyol method can selectively synthesize single crystalline Rh nanocubes (enclosed by six {1 0 0} faces with size about 6.5 nm). The catalysts made from these nanocubes in hydrogenation of pyrrole showed 100% selectivity of butane and ammonia. 80 Katz and coworkers applied outer-sphere control to design the active sites of heterogeneous catalysts. This can be accomplished by binding a chromophore that reports on the acidity and dielectric constant surrounding the active sites, and is demonstrated for primary amines anchored on silica. 81 Regalbuto and his collaborators used strong electrostatic adsorption to yield also ultra-fine Pt particles on SiO 2 with 100% dispersion. 82 These works shed some light on how the future catalysts should be fabricated, particularly for those used in a complex system like a biorefinery.
The above-mentioned developments could not be fulfilled without an atomic-scale understanding of catalytic chemistry. Identification of the active catalytic sites needs to be done for rational catalyst design. 83 Detailed characterization under ambient (ex situ) and under reaction conditions (in situ) allow us to qualitatively derive ''structure-function'' relationships. More comprehensive texts about characterization techniques for a host of catalytic materials and applications can be found elsewhere.
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With the improvement and development of characterization technology in the past decades, ex situ and in situ investigations of gas phase catalytic reactions can be easily conducted. Gas and liquid chromatographies (GC/LC) still serve as the vital tools in quantification today. Annexing mass spectrometry (MS) enables both chromatographies to qualitative analysis in real time. High resolution electron microscopies (HREM) are frequently employed in surveying the surface of catalysts. Electron microscopies can also be used for in situ characterization in which catalyst surface under reaction conditions can be observed. Infrared (IR), Raman, and ultraviolet visible (UV-vis) spectroscopies are typically used in operando observations of reactive intermediates as well as active sites.
Thus far, most of the surface analytical techniques require moisture removal prior to analysis. This limits the study of biomass conversion at the solid/liquid (heterogeneous catalysts/ biomass solution) interface. It is well known that IR spectroscopy suffers from excessive absorption of IR radiation from water, while classical ultra-high vacuum (UHV) electronic spectroscopies can be dampened by adsorption and scattering of ejected electrons. Moreover, under in situ environments, water molecules may be split into H + and OH À , which mediate undesired reaction pathways than those by active sites in reality. Apparently, developing surface-sensitive in situ spectroscopic instruments which are capable of surveying the solid/liquid interface is required. Techniques including surface enhanced Raman and attenuated total reflectance IR spectroscopies are currently used as the interfacial analysis tools. 85 With advances in spectrometer speed and sensitivity, these tools may be widely used in this arena.
Another challenge is that the structure of solid catalysts can be influenced by solution pH, ionic strength, surfactants, temperature, etc. This results in segregation, disruption and migration of active sites, as well as dissolution of support, depending on the reaction environments. 86 Moreover, trace impurities present in biomass feedstocks or formed by-products may selectively poison catalyst surfaces. 87 For instance, trace amount (ca. 15 ppm) of sulfur in glucose solution can rapidly deactivate ruthenium catalyst in glucose hydrogenation. 88 In situ spectroscopic, scattering, and imaging tools that combined with real-time monitoring of the catalyst structure at the nanometer level is one option. High-energy X-ray methods are particularly suitable for investigating the structure of catalysts in water. 89 
Computational chemistry
Advances in computational powers have made it possible to study catalysts from a first principles approach. Multiple new approaches have been recently developed for computational study of catalysts, including modelling atomic-level structure in both bulk and surface phases, elucidating mechanisms of molecular adsorption and diffusion, and simulating reaction mechanisms of intermediates on active sites etc. 90 One successful example is modelling of zeolite chemistry. 91 In certain cases, theoretical techniques can predict hitherto undiscovered chemical phenomena. By complementing with experimental characterizations, an insight-view about biomass conversion on catalytic surface can be achieved.
Current theoretical methods can be divided into two groups: classical molecular simulations and quantum mechanistic calculations. The former includes energy minimization (EM), Monte Carlo (MC), and molecular dynamics (MD); while the latter contains Hartree-Fock (HF) and density functional theory (DFT). In general, classical molecular simulations are applied to modelling structures, adsorption-desorption, and anchored intermediates on the premise of refined key configurations. Quantum mechanistic calculations are mainly used in simulation of reaction mechanisms. 90 Several groups have embedded these two in identifying systems with high complexity, e.g., DFT calculation on reactive catalytic system combined with classical modelling of the solvents.
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Auerbach and coworkers employed DFT calculation on the design of zeolites used in biofuels manufacturing.
93 Fig. 12 depicts the mechanism of amine-functionalization of silicalite. It results in a shape-selective material with catalytically active base sites twice as strong as without such amine-functionalization. These materials show potential in steering reactions View Online such as aldol condensation of biomass-derived oxygenates, which leads to increased molecule size from 5-6 carbons to 8-9 carbons. Neurock's group studied theoretical description of molecular and atomic interactions occurring at the interface between an aqueous solution and a metal surface. They discovered that the solution phase can actually stabilize charged transition states in some reactions and can even directly participate in the reaction.
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Nevertheless, theoretically modelling a biorefinery is a daunting task for most theorists. The biomolecules are large and contain many flexible bonds, leading to a huge number of low energy structures and frequent anharmonic motions. Furthermore, solid phase biomass substrates (such as fragments of cellulose, hemicellulose, and lignin) may be encompassed inside the system. Most of the reactions of biomass occur in solution or at interfaces, thereby the reaction environment is critical in the modelling. 
Conclusion
The field of heterogeneous catalysis has immense potential to help convert renewable feedstocks into fuels and chemicals. Lignocellulosic biomass is the most abundant and fastest growing organic carbon source, which provides opportunities for producing a significant amount of biomass-derived fuels and chemicals. It is likely that just as heterogeneous catalysis has made it possible to efficiently convert our petroleum-derived resources to fuels and chemicals; it will also allow us to convert our renewable resources to fuels and chemicals. There are currently multiple catalytic processes for production of lignocellulosic biofuels. However, most of these approaches have been primarily empirical, focusing on the quick development of a commercial process. There is a great need to have fundamental studies for biomass conversion. Advances in chemistry, nanotechnology and spectroscopy over the last several decades have given us an unprecedented ability to understand and control chemistry at the molecular scale, which promises to accelerate the development of biomass-to-fuels production technologies. As the tremendous expertise of the catalysis field focuses on biomass conversion, it is highly likely that we will rapidly develop cost-effective approaches to the conversion of biomass to biofuels.
